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Abstract 
Pure and the transition metal (TM) doped SnO2 films were prepared by the sol-gel method. The surface morphology 
and microstructure of the grown films were characterized by a wide range of techniques. Generally, various TM 
doping resulted in a reduction of the particle size, as well as a smaller size of various surface features. The films were 
tested for the gas sensing applications. In the air containing 500 ppm H2, the optimum operating temperature for the 
pure SnO2 films was 250 
oC, which showed a sensitivity of S=3.9 and a recovery time of 84 s. Doping of 5 at% W 
increased the sensitivity significantly (S=25.8) at the same operating temperature, while the recovery time was 
reduced to 72 s. For the 5at% Pd doped SnO2 films, the sensitivity was only slightly improved (S=4.4), however they 
showed the quickest recovery time of 60 s. Doping of Mn did not improve the H2 sensing sensitivity and the doped 
films showed a poor thermal stability at the elevated temperatures. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of MRS-Taiwan  
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1. Introduction 
A wide range of techniques can be used to prepare tin oxide thin films, such as chemical vapor 
deposition (CVD), spray pyrolysis, sol-gel, ion beam deposition, magnetron sputtering, etc. [1-4]. There 
are some unique advantages to fabricate films by the sol-gel method, such as low chemical cost, no 
requirement for vacuum equipment, viability of mass production, uniform film composition over large 
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Solution                               Dopant (at %) 
5%Pd-SnO2  6.1  0.2  3.8  
10%Pd-SnO2  11.7  0.3  10.8  
5%W-SnO2  6.4  4.1  4.6  
10%W-SnO2  12.4  11.9  9.5  
5%Mn-SnO2  4.9  4.8  5.1  
10%Mn-SnO2  9.4  9.1  10.1  
area, etc. Pure and doped tin oxides are some of the most widely used gas sensor materials, because SnO2
can offer a higher sensitivity at relatively low working temperature than other materials. Doping of 
various metal ions such as Au, Pt. W, Pd, etc. is one of the ways to enhance sensitivity and the response 
time for a particular gas. The dopant in the SnO2 matrix can reduce the activation energy for the reactions 
between the gas and SnO2 films and therefore, accelerate the reaction rate by spill-over effect [5]. 
Nowadays, hydrogen storage is a popular technique currently under intensive developments. Hence, the 
hydrogen sensor technology plays an increasingly important role in alarming of the gas leakage, so as to 
avoid explosion and poisoning hazard. In this paper, we present the results of the hydrogen sensing 
properties of the sol-gel prepared tin oxide films, which were either pure or doped with transition metal 
(TM) ions such as Pd, W, and Mn. 
2. Experimental 
2.1 Preparation of thin films 
In this study, Corning glass 1737 was used as the substrates whose thermal expansion coefficient is 
3.76 ͪ 10-6 / oC (0 oC ~ 300 oC), approximate to SnO2. The typical size of the substrates was 10 mm ͪ 10 
mm. All the substrates are thoroughly cleaned by alcohol, distilled water and acetone in ultrasonic 
oscillator tank for 10 min, and then dried up by the Argon gas jet. 
Table 1 the results of EDS and AES. 
In the sol-gel preparation process, appropriate amount of SnCl2 powder was added into the pre-mixed 
solution of 10 ml 2-methoxyethanol plus 1 ml ethylene glycol to configure a solution of the concentration 
0.5 M. After ten-minute stirring, the solution appeared to be transparent without any visible sediment. 
Then, for doping of different TM ions, appropriate amounts of PdCl2, MnCl2· 4H2O, or WCl6 were added 
into the above Sn solution. A viscous gel solution was formed after vigorous stirring at room temperature 
for 1 day, which was ready for the film coatings. 
The films were coated on the glass substrates by fast spin at the rate of 3000 ppm, which lasted for 30 
sec. The films were dried after heating at 200 oC on a hot plate for 5 minutes. The above steps were 
repeated to have more coatings until a desired film thickness was attained, which was about 300 nm after 
annealing. The specimens were then placed in a crucible and annealed at 500 oC in air for six hours. A 
slow heating rate 2 oC /min was used, allowing some time for the organic precursors to decompose. 
Finally, the films were cooled down to room temperature over a period of ten hours. 
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 2.2 Characterizations  
The composition and structure of the prepared films were determined by the energy dispersive X-ray 
spectroscopy (EDX), Auger electron spectroscopy (AES), and the glancing incident X-ray diffraction 
(GIXRD). The surface morphology was observed by the scanning electron microscopy (SEM). For the 
measurement of sheet resistance, the film surface was sputtered with a layer of Pt, which was patterned 
into two sets of bars as the two electrodes (Fig. 1). In the hydrogen sensing tests, the sample was put into a 
chamber and then purged with air and the 500 ppm H2, respectively, to record the changes of sample 
resistance as a function of time. 
Fig. 1. The photos of a sample for gas sensor test and a mask. The black parts on the sample surface are the Pt electrodes. 
Fig. 2 The GIXRD patterns of pure and doped SnO2 thin films after heat treatment at 500 oC for 6 hours. 
3. Results and Discussion 
3.1 Structure characteristics of pure and doped SnO2 films 
The GIAXRD patterns of the pure SnO2 and SnO2:TM (TM=Pd, W, and Mn) films annealed at 500 
oC for 6 hrs are shown in Fig. 2. Except for the film doped with 10 at% W that showed a secondary phase, 
SnW3O9 (JCPDS 86-0628), all other XRD patterns only consisted of the reflections from the tetragonal 
phase of SnO2 (JCPDS 41-1445), which could be indexed as the (110), (101), (200), and (211) planes. It 
can be seen in Fig. 2 that doping of various TM ions resulted in the broadening of the reflection lines and 
the decrease of the diffraction intensity as judged by the reduced signal-to-noise ratio. This was most 
apparent for the 10 at% Pd doped SnO2. Therefore, doping of above three TM ions all resulted in a 
deterioration of the crystallinity of the SnO2 films.  
Fig. 3 shows the SEM micrographs of the pure and TM doped SnO2 films. For the pure SnO2 film, 
Fig. 3(a), the average particle size was about 35 nm. Doping of the TM ions generally caused a reduction 
of the particle size, which was less than 10 nm, as shown in Figs. 3(b)-(e). This is consistent with the line 
broadening seen in the above GIXRD. There were some large aggregates embedded in the W doped films, 
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which had the size around 20 nm for the 5 at% doped samples and increased to 40-50 nm for the 10 at% 
doped samples, as shown in Figs. f-g. 
Fig. 3 The SEM photographs of pure and doped SnO2 films: (a) pure, (b) 5 at% Pd, (c) 10 at% Pd, (d) 5 at% W, (e) 10 at% W, (f) 5
at% Mn, (g) 10 at% Mn. All films were prepared on same substrate under same condition.
Fig. 4 Sensitivities of pure SnO2 in ambient air containing 500 ppm H2 at different operating temperatures. 
The compositions of the TM doped films were checked by both the AES and EDX techniques. AES is 
a true surface analysis technique, which detects only a depth of about 1-2 nm. AES analyses were done 
the “as-grown” surface of the films, as well as at the location 50 nm underneath the surface, which was 
exposed by the argon ion etching. Both results are given in Table 1. On the other hand, EDX can 
penetrate a depth over 1 m and was therefore able to see through our films of about 300 nm thick. Hence, 
the EDX results in Table 1 can be treated as the average compositions of the TM doped films. Table 1 
shows that the doping concentration of all the films was approximately the same as the solution 
composition, within the experiment error of 1-2%. However, the surface composition of the Pd doped 
films was much less, indicating a significant evaporation loss during the annealing process. 
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Fig. 5 Sensitivities of (a) 5 at% doped and (b) 10 at% doped SnO2 films in 500 ppm H2 at 250 oC.
Localized composition analyses were also carried out by AES (spot size about I50 nm), which showed 
that the large aggregates in the Mn doped films (Fig.3g) were slightly Mn enriched, as compared to the 
background film. However, the GIXRD results in Fig.2 do not indicate the existence of any secondary 
phase. Hence, the aggregates and the background film may still have the same structure but different 
oxygen stoichiometry, accompanied by the different valence ratio of the Sn ions. 
Fig. 6 Sensitivities of SnO2 films doped with (a) 5 at% Pd and (b) 5 at% W in various concentrations of H2 at the operating 
temperature of 250 oC.
3.2 Gas sensing property 
The gas sensitivity is defined as S = R0 / Rg
R0: resistance of the sample in air. 
Rg: resistance of the sample in H2 atmosphere. 
In general, the resistance of SnO2 samples in air is higher than in the atmosphere containing some 
reducing gas, because the absorbed oxygen ions (O2
-, O2-, O-) increase the thickness of the depleted layer 
on the grain surface. The exposure to the reducing gases has the opposite effect and brings down the 
resistance. Therefore, by monitoring the resistance change, SnO2 films can be used for the gas sensing 
applications. Fig. 4 shows the sensitivity of the pure SnO2 film in 500 ppm H2 at various operating 
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temperatures between 150 to 350 oC, which indicates the optimum value being 250 oC. The sensitivity at 
this temperature is S=3.9 with a recovery time of 84 s. 
Fig. 5 shows the sensitivity of the 5% and 10 at% TM doped SnO2 films in 500 ppm H2 at the 
operating temperature 250 oC. Fig.5a shows that doping of 5 at% W increases the sensitivity significantly 
(S=25.8), while the recovery time is reduced to 72 s. For the 5 at% Pd doped SnO2 films, the sensitivity is 
only slightly improved (S=4.4), however they shows the quickest recovery time of 60 s. Doping of Mn 
does not improve the H2 sensing sensitivity. It was also found that the Mn doped films showed a poor 
thermal stability at the elevated temperatures. Fig.5b shows that 10 at% doped films have apparently 
worse gas sensing properties than the 5 at% doped films. They have both lower sensitivity and longer 
response time than their 5 at% doped counterparts. Fig. 6 shows the sensitivities of 5% Pd and 5% W 
doped SnO2 films in a series of ambient gases containing different concentrations of H2 from 50 to 500 
ppm. Both films respond linearly with the H2 concentrations and therefore can be used for the quantitative 
analysis of the H2 containing atmospheres. The data in Figs. 6a and 6b were fitted by two linear equations 
for such a purpose.  
4. Conclusions 
The results are given as follows: 
SnO2:5% Pd: S = 0.0052x + 1.7234                                                                    (1) 
SnO2:5% W: S = 0.0491x + 1.354                                                                       (2) 
where x is the H2 gas concentrations in ppm. According to Equation (1) or (2), the unknown H2
concentration in air ambience could be calculated from the measured sensitivity S. 
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